Exploring the interaction of light and matter at the ultimate limit of single photons and single emitters is of great interest both from a fundamental point of view and for emerging applications in quantum engineering. However, the difficulty of generating single photons with specific wavelengths, bandwidths and brightness as well as the weak interaction probability of a single photon with an optical emitter pose a formidable challenge toward this goal. Here, we demonstrate a general approach based on the creation of single photons from a single emitter and their use for performing spectroscopy on a second emitter situated at a distance. Although we used organic molecules as emitters, our strategy is readily extendable to other material systems such as quantum dots and color centers. Our work ushers in a new line of experiments that provide access to the coherent and nonlinear couplings of few emitters and few propagating photons.
. These proposals set the ground for optical signal processing at the nanometer scale, where a quantum emitter can be used as the smallest elementary medium for achieving optical nonlinearity, and act as transistor, phase shifter, or memory at the single-photon level [7] [8] [9] [10] . Some of the concepts have been recently examined in the laboratory using laser beams [11] [12] [13] [14] , however single-photon investigations have been elusive because of the stringent requirements on the performance of the single-photon source and the need for a very efficient emitter-photon interfacing. In this paper we report on a versatile strategy that uses single photons emitted from one molecule to perform spectroscopy on a second molecule placed at a distance of several meters.
A single quantum emitter can generate up to one photon per spontaneous emission cycle, corresponding to a radiated power of 0.03-3 nW if one assumes a typical fluorescence lifetime of the order of 0.1-10 ns for dipole-allowed transitions. Although recent reports have shown that a very large fraction of this fluorescence can be collected 15 , losses in the detection path commonly limit the usable power of single-photon sources to less than pW. Detection of this weak light on top of residual background fluorescence and detector noise was, in fact, the central challenge of singlemolecule spectroscopy, which was surmounted in the 1990s 16 . Considering that in these experiments one usually relies on lasers with mW or higher power, detection of one emitter with single photons generated by another might appear as a daunting experimental task. To achieve this, one has to both collect the photons from the "source" particle and funnel them to the "target" particle very efficiently. Furthermore, the frequency of the single-photon source should be tunable with respect to that of the target transition if one is to perform spectroscopy.
Three conceptual points have made it possible for us to reach these goals. First, the extinction cross section of a single two-level emitter is given by where λ, γ 0 , and γ hom are the wavelength, natural linewidth, and homogeneous width of the transition at hand, respectively 17 .
Second, if can be met for an emitter, its cross section reduces to about λ 2 /2, which is comparable to the area of a beam focused with high numerical aperture (NA). Finally, the ultimate limit on the signal-to-noise ratio in extinction spectroscopy is set by the intensity shot noise of the excitation beam 18 . Therefore, deciphering an extinction signal of the order of one percent within one second would require a flux larger than about 10 4 photons per second in a beam that is tightly focusable. This flux can be obtained from a single emitter if high-NA collection optics is used.
In our current experiment we used the organic dye molecule dibenzanthanthrene (DBATT) embedded in organic matrix tetradecane at T=1.4 K. Under these conditions, the photons emitted on the narrow zero-phonon lines (00-ZPL) between the lowest vibrational levels (v=0) of the electronic ground and excited states (see Fig. 1A ) have a coherence length that reaches several meters and is only limited by the spontaneous emission rate of the excited state (i.e. ). As a result, the 00-ZPL cross section falls short of the optimal value of 3λ 2 /2π only by 2-3 times caused by fluorescence to the levels and the phonon wings 12, 16 . To produce photons that matched the 00-ZPL frequency of the target molecule (ω t ), we next recorded excitation spectra from the source sample within a few GHz of ω t . Once a suitable source molecule was found and characterized, it was excited via the 01 transition between the v=0 and v=1 levels of its ground and excited electronic states, respectively (see Fig. 1A ). A rapid radiationless decay of the v=1 level in the excited state populates its v=0 level, which then decays radiatively. By using suitable spectral filters, we isolated the narrow-band spontaneous emission on the 00-ZPL from the Stokes-shifted fluorescence to levels. A Hanbury-Brown and Twiss correlation measurement on this emission is presented in Fig. 2B and shows a clear reduction of the normalized second-order autocorrelation function e w 0.5, verifying its single-phot n character 17 .
We emphasize that although the generated photons do not follow a triggered train, the resulting stream consists of individual photon pulses separated in time. The schematics of our experimental setup is shown in Fig. 1B . In both the source and target microscopes, we used a combination of aspherical and solid-immersion lenses for achieving a high NA in collection and excitation 12 . Two continuous-wave tunable dye lasers were employed for addressing the 00 and 01 transitions of DBATT, which are typically separated in wavelength by about 9 nm. Avalanche photodiodes (APD) were used as detectors in various stations. A polarizationmaintaining single-mode optical fiber was used to facilitate the alignment of the optical axes of the two microscopes and to ensure a good spatial mode quality. An integrated beam splitter with variable transmission allowed us to probe the light in the fiber. In this work, we examined the extinction of the incident beam on APD4 after it was reflected from a gold mirror deposited on the back of the target sample 19 . This arrangement can be regarded as a folded transmission experiment. In order to perform spectroscopy on the target molecule with the photon stream generated by the source molecule, the 00-ZPL transition frequency of one has to be tuned through the other. We achieved this by applying a voltage to the interdigitated microelectrodes deposited on the source sample substrate and shifting the molecular resonance via Stark effect. Figure 2C displays a series of 00-ZPL spectra obtained at different voltages by recording the Stokes-shifted fluorescence of the source molecule on APD1. Finally, we aligned the polarization of the single-photon stream with the transition dipole moment of the target molecule using a half-wave plate; we did not correct for a residual ellipticity of up to 10% acquired in the optical path.
The symbols in Fig. 3 present the intensity of the single-photon stream on APD4 as its frequency (ω s ) was scanned through ω t . We find an attenuation of about 3% and a FWHM of about 60 MHz, in contrast to a dip of 9.3% and FWHM of about 20 MHz obtained in the extinction spectrum of the same molecule recorded under laser excitation (see Fig. 2A ). The difference between the two spectra stems from the fact that the linewidth of our dye laser is about 1 MHz, while the single photons generated via a spontaneous emission have a minimum linewidth of 20 MHz. In our case, the experimentally measured rise time of 4.2 ns in (see Fig. 2B ) reveals that the single-photon source has been broadened to 38 MHz. This can be explained by the high depopulation rate of the ground state in the 01 pump process used here. We also note a slight shift of the center frequency, which we attribute to a delay in the data acquisition process when the Stark voltage was incremented. At this point, it is worth emphasizing that the fluorescence signal of the molecule corresponding to the measurement in Fig. 3 amounts to only a few counts per second; the detection of this weak signal would require the very best available APDs and a long integration time 18 . Extinction of a light beam by a sample can be described by considering the addition of the incident and scattered fields 12, 20 . To this end, the spectrum in Fig. 3 provides a direct signature of the interference between the probability amplitudes of a single photon traversing the target molecule and scattering from it. To elucidate this process, we have theoretically considered the incidence of a photon wavepacket at central frequency ω s and spectral width γ s onto a two-level system with transition frequency ω t =ω s and a natural linewidth γ t =γ s 21, 22 . As indicated in Fig. 4A , we took an exponentially rising temporal pulse to emulate the propagation of a photon that is spontaneously emitted by the source molecule with a 1/e time of τ s =1/2πγ s 5, 23 . The curves in Figs. 4B and 4C display snap shots of the wavepacket evolution at times t=2τ s and 8τ s after the first encounter of the photon and the target molecule. The reflected components of the photon wavepacket (red curves) display oscillations that signify its interference with the incoming part. The frequency spectrum of the reflected photon is plotted in Fig. 4C and can be associated with the resonance fluorescence (emission) spectrum of the target molecule in the backward half-space. This spectrum is narrower than that of the incident pulse (black) because it results from a temporal convolution of the latter with the exponential response of the molecule during the excitation process, yielding a scattered pulse that is stretched in time.
The theoretical model we have used 21, 22 assumes a perfect coupling between the incident light and the emitter, leading to the perfect reflection of a monochromatic and resonant photon 4 (see also supplementary online material). However, if the incident photon has a finite spectral width, as considered above in the condition γ s =γ t , some light is leaked to the transmitted channel. The blue curve in Figs. 4B and 4C show the evolution of the transmitted photon at two different times, and the green curve in Fig. 4C displays a ten-fold zoom of the latter. We find that the transmitted component is fractionated in an approximately exponential pulse that is narrower than the incident one, followed by a flatter envelope. The frequency spectrum corresponding to this temporal behavior is a double-peaked profile that goes to zero on resonance as depicted by the blue curve in Fig. 4D . This spectrum can also be obtained from the subtraction of the incident and reflected spectra. The direct experimental observation of the spectra of the reflected and transmitted channels requires a very strong interaction between the incoming photon and the emitter to ensure a substantial effect of the molecular scattering on top of the incident background field. Future improvements, as discussed below, should make such measurements possible. Furthermore, triggered generation of single photons via pulsed excitation can provide access to the temporal profiles of the reflected and transmitted photons as discussed in Fig. 4C . In order to reconstruct the extinction spectra obtained in our measurements, we have taken into account the experimentally measured parameters. First, we used 8 ns as deduced from the measured FWHM of 20 MHz for the 00-ZPL transition (see Fig. 2A ). To consider the spectral broadening of the single photons to a width of 38 MHz mentioned earlier, we introduced an uncertainty of 18 MHz in ω s . Next, we repeated the calculations for different frequency detunings (ω t -ω s ) and plotted the areas under the emission spectra for each case. We then accounted for the experimental extinction efficiency of our system by equating the area under the spectra of Fig. 2A and Fig. 3 . These considerations yielded a Lorentzian extinction spectrum with a FWHM of 58 MHz and amplitude of 2.9% (see also supplementary online material), which as displayed by the red curve in Fig. 3 , provides an excellent agreement with the experimental spectrum.
In the past few years, clever efforts were embarked for exploring the interaction between single photons and single emitters. For example, single photons generated by a trapped ion were redirected back toward the ion upon reflection from a mirror 24 . Also, correlated photons generated in a down-conversion process have been used to record heralded absorption by a single ion 25 . The experiment described here represents the first demonstration of the direct coupling between two distant quantum emitters via a propagating stream of single photons. While the majority of studies on single quantum emitters rely on the detection of incoherent fluorescence, we have investigated the coherent scattering of a single photon by a single molecule. This demonstration sets the stage for achieving strong coherent coupling of two or more emitters separated by much smaller than the coherence length of the photon so that its back and forth scattering from the emitters can couple them in a fashion similar to dipole-dipole coupling 26, 27 . To enter this regime, we envision replacing free-space lens coupling by near-field coupling via a nanoguide 9, 28, 29 , which can serve as a bus for connecting many molecules or other quantum emitters within distances of tens or hundreds of micrometers on a chip.
The experimental scheme demonstrated here can be made more efficient by improving the spatial and spectral aspects of photon-emitter interfacing. Here, a modest inhibition of the spontaneous emission of the source molecule, e.g. via plasmonic nanoantennas 30 , would render the spectral bandwidth of the single photons narrower than the target transition, improving the coupling by up to a factor of two. Furthermore, one can engineer the radiation pattern of the source by an optical antenna and reach near-unity efficiency in collecting its emitted photons 15 . By reciprocity, such an antenna would also allow nearly perfect mode matching to the radiation pattern of the target molecule and therefore ideal coupling 4 . Implementation of these measures would ensure that each photon interacts with the target emitter with very high probability. This, in turn, paves the way for accessing optical nonlinear effects at the few-photon level 7, 8, 10 by coupling an emitter to two or more triggered photons that arrive at the same time. In closing, we emphasize that our methodology is not limited to organic molecules and is applicable to other solid-state emitters. Furthermore, it opens the door to a simple far-field optical connection among hybrid systems consisting of quantum dots, color centers, atoms or ions.
We acknowledge the financial support from the Swiss National Science Foundation, ETH Zurich, and 
Supplementary Online Material
Sample preparation: A 10 -6 M solution of DBATT in tetradecane was prepared. 0.1 µL of this solution was applied onto a substrate containing patterned electrodes. The solid immersion lens was pressed on top and the whole sample was shock-frozen when inserted into the cryostat.
Spectral instabilities:
In order to compensate for occasional small spectral fluctuations that may detune the source and target molecules during the measurement, we used an automated measurement protocol in which the frequencies of the two molecules were periodically matched. As a first step, fluorescence excitation spectra were recorded for both molecules in order to determine the Stark voltage V 0 that was required to bring them into resonance with each other. In the second step, the source molecule was pumped and the count rates on APD 4 were monitored as we offset the voltage by ΔV. In practice, we scanned the Stark voltage in 32 steps of 50 ms residence times, so that a full scan lasted 1.6 s. We performed 80 scans after which we again determined V 0 and started a new series of scans. The data in Fig. 3 of the main manuscript resulted from 36 such cycles. In Fig. (c) , we plot the amplitudes of the fluorescence excitation spectra from Fig. (a) . We find a gradual decrease of the peak intensity caused by a slow spatial drift of the target sample with respect to the laser focus within about two hours. If we assume that the extinction dip of the target molecule ( Fig. 2a in the main manuscript) follows the same trend throughout the measurement process, we can use this plot to assess a correction for the extinction dip in Fig 3 . This leads to a correction of 8%, which we have implemented in the Lorentzian spectrum (red curve) in Fig. 3 of the manuscript accordingly.
Simulations:
The simulations of the photon wavepacket time evolution were based on a onedimensional approach, where a Hamiltonian for a two-level system interacting with a photon was set up and the Schrödinger equation was solved within a single-photon basis set by the finiteness of the basis set. We note that although the models in Refs. [1, 2] are one dimensional, perfect reflection can also occur in three dimensions 4 . In Ref. [4] this is demonstrated for a directional dipolar wave that matches the radiation pattern of a dipolar emitter in free space.
Another alternative is to use optical antenna such as discussed in Ref. [5] to adapt the radiation pattern of an emitter by engineering its electromagnetic environment. 
